Fungal distribution in a liverwort-based biocrust was examined at different depths (0, 5 and 20 mm) by direct counting using both light and fluorescence microscopy. The DNA-based taxonomic composition of fungi was also determined and differences between depths (above and below 5 mm) were assessed. The fungal biomass was greatest at the surface where large hyphae, sporangia and fungi within plants were more abundant than at 5 mm and 20 mm depth. The texture of the biocrust also differed significantly with depth. Likewise, the analysis of microbial DNA composition revealed a difference between depths, both for the amount of total fungi and of each phylum where the total amount of fungi was highest above 5 mm. Ascomycota fungi were dominant both below 5 mm and near the surface where both their amount and proportion were substantially higher than deeper down. The dark septate Exophiala, Phialocephala and Pseudogymnoascus were the most abundant genera.
INTRODUCTION
What is a biological soil crust? Biological soil crusts or biocrusts are complex communities in the surface layer of the soil and often contain a mixture of various organisms such as bryophytes, lichens, green algae, fungi, cyanobacteria and other bacteria (Belnap et al. 2001 , Belnap et al. 2016 . Biocrusts are found in many open types of vegetation in various habitats worldwide such as deserts and other arid and dry environments, open woodlands, unforested grasslands, bare ground, and associated with alpine or tundra vegetation. Even though biocrusts are present in diverse environments they have similarities in function, as well as in composition and structure. For example, the structure of biocrusts in hot deserts throughout the world, in Australia and North and South America, is very similar, but distinctly different from biocrusts in cool and cold habitats such as those found on the Colorado Plateau and in the Great Basin of the United States and in the Arctic (Belnap 2001 , Breen et al. 2008 , Williams et al. 2017 .
Climate strongly influences the type of biocrust present, especially in tundra environments (Williams et al. 2016 , Rippkin et al. 2018 . Availability of moisture affects biocrust abundance as well as composition (Borchhardt et al. 2017 ). The bryophyte component has higher moisture requirements than cyanobacteria and lichens. Well-developed biocrusts are generally not found in very dry areas. In dry areas biocrusts are usually in earlysuccessional stages and devoid of organisms with high moisture requirements such as bryophytes. In contrast, biocrusts in areas with high precipitation and low temperatures are often dominated by bryophytes (Bowker et al. 2016) .
Vascular plants are very dependent upon water availability. Therefore, areas with limited water availability often have little vascular vegetation cover. Consequently, there is more soil surface available for biocrusts in these regions. Similarly, short growing seasons and low temperature can impede growth of vascular plants, favoring lichens, bryophytes and biocrusts. Biocrusts have a tendency to occupy bare soils and interspaces between vascular plants. In fact, it has been suggested that biocrusts don't compete with vascular plants and some studies have shown that vascular plants can benefit from growing on biocrusts (Belnap et al. 2001 ).
Biological soil crusts have different successional stages where early successional stages are often characterized by low species richness and domination of cyanobacteria which contribute both to carbon and nitrogen fixation. The cyanobacterial genus Microcoleus is often pronounced in early-successional biocrusts, whereas Nostoc and Scytonema spp. are more likely to be present in late successional stages (Belnap et al. 2001 , Belnap et al. 2016 .
In the top few millimeters of biological soil crust fungal hyphae and cyanobacterial filaments form a matrix that binds soil particles together. This stabilizes and protects the soil surface (Belnap et al. 2001) . The soil aggregation counteracts movement and displacement by water and wind, decreasing erosion and maintaining soil moisture. Therefore, biological soil crusts often act as seedbeds promoting establishment of vascular plants (Elmarsdottir et al. 2003 , Zhang, Aradottir et al. 2016 .
Fungi in biocrust
Biodiversity studies of biological soil crusts have so far focused on cyanobacteria and other bacteria as well as bryophytes and lichens that are components of well-developed biocrusts.
There are very few studies on fungi in biocrust and they remain poorly characterized. These few studies are mostly descriptive and little is known about the correlation of fungal diversity with other factors such as nutrient cycling (Bates, Garcia-Pichel & Nash 2010 , Maier et al. 2016 .
Well-developed biocrusts have greater fungal diversity and abundance than biocrusts in early successional stages. Furthermore, disturbance has a negative effect on fungal diversity in biocrusts (Bates et al. 2012 , Bates, Nash et al. 2010 , Maier et al. 2016 ). Bacterial abundance is higher than fungal abundance in biocrust. The bacterial-to-fungal ratio has been found to be between 1000:1 and 50:1, measured with rRNA copy numbers or with biomass estimations. The distribution and diversity of fungi has been found to be patchy, with some areas without hyphae while in others hyphae were abundant (Bates & Garcia-Pichel 2009 , Bates, Nash et al. 2010 .
Microfungi are pronounced in biocrusts and can be free-living, mycorrhizal or saprophytic (Belnap et al. 2001) . Although microfungi are believed to be more abundant in biocrust than in soil, this is based on very few studies. The phylum Ascomycota has been shown to be dominant in biocrust and genera such as Alternaria and Acremonium/Phoma are generally present in biocrusts (Bates & Garcia-Pichel 2009 , Bates, Nash et al. 2010 , Bates et al. 2012 , Bates, Nash et al. 2010 , Maier et al. 2016 .
Members of all the classical fungal phyla have been found in biological soil crusts. Most studies have found Ascomycota, Basidiomycota and Zygomycota (Bates, Garcia-Pichel & Nash 2010 , Bates et al. 2012 , Bates, Nash et al. 2010 , Zhang et al. 2018 ), but some have found only two of these phyla (Bates & Garcia-Pichel 2009). Chytridiomycota have also been found in biocrust (Abed et al 2013 , Steven et al. 2015 . Ascomycota are the most dominant and have so far been found to account for over 80% of biocrust fungi (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates et al. 2012 , Bates, Nash et al. 2010 , Zhang et al. 2018 ). The order Pleosporales, within Ascomycota, is very prevalent in biocrusts and may represent the bulk of dark-septate fungi (dematiaceous fungi; with darkly pigmented hyphae or spores) (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates, Nash et al. 2010 , Bates et al. 2012 , Steven et al. 2015 . The cell walls of dark-septate fungi are rich in melanin which is thought to confer tolerance to many stress factors such as solar radiation and extreme temperatures, enabling these fungi to survive harsh conditions (Maier et al. 2016) . Although the order Pleosporales is the most abundant and widespread, two other orders, Hypocreales within Ascomycota and Mortierellales within Zygomycota, have also been found to be widely distributed (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 .
The most common genera in biocrust are the ascomycetes Alternaria/Lewia and Acremonium/Phoma (anamorph/teleomorph forms of the same species; asexual/sexual) (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates, Nash et al. 2010 , Maier et al. 2016 , Grishkan & Kidron 2013 . Alternaria/Lewia appear to be the more abundant in biocrusts, although this is the other way around in soils. Fusarium, an ascomycete soil fungus, is also common in biocrust as well as the basidiomycete Cryptococcus (Bates, Garcia-Pichel & Nash 2010 , Bates et al. 2012 . Not many yeasts have been found so far, although Exophiala crusticola has been identified in biocrust from the Colorado Plateau and other regions. E. crusticola is a black yeast, tolerant of extreme conditions such as shortage of nutrients and low water availability (Bates et al. 2006 , Maier et al. 2016 . Mortierella, mostly Mortierella alpina, is often found in biocrusts and is the most common zygomycete (Bates, Garcia-Pichel & Nash 2010 , Bates, Nash et al. 2010 .
A Chinese study on fungi in biocrust found the composition to be different from previous studies in desert areas at the genus level and to vary greatly along successional gradients (Zhang et al., 2018) . The genera Humicola, Endocarpon and Heteroplacidium were found to be dominant, whereas Alternaria/Lewia and Acremonium/Phoma were not detected. Humicola has previously been found in desert biocrusts (Bates, Garcia-Pichel & Nash 2010).
Although publications show few major differences in biocrust fungal composition, most research so far has been done in deserts, mainly in the USA (Bates & Garcia-Pichel 2009 , Bates et al. 2012 , Bates, Nash et al. 2010 , Steven et al. 2016 . There have been very limited studies on fungal composition in the arctic regions or other cool habitats (Broady & Weinstein 1998 , Zhang, Wang et al 2016 . Therefore, the scenario described might be limited to these regions or habitats. In a Norwegian study on biocrust in a glacier foreland the most common fungi present in the biocrust were Lecythophora, Penicillum, Rhizoscyphus and Pholiota (Borchhardt et al. 2019 ). These fungi were not mentioned in the studies described above. Therefore, it would be interesting to find out which fungal genera dominate the Icelandic liverwort-based biocrust.
Fungi are believed to have an important ecological role in biocrusts. The fungal loop hypothesis (Perez-Moreno & Read 2000) suggests that fungi play a key role in nutrient transport between patches of plants and adjacent areas in arid ecosystems where vegetation is scarce, in particular in linking nitrogen-limited plants with nitrogen-fixing biocrusts (Collins et al. 2008 , Green et al. 2008 .
Biocrust in Iceland
In Iceland biological soil crusts can be found from the lowlands to the highlands. Biocrusts are present and among dominant features in 19 out of 64 terrestrial habitat types, within six habitat type classes: fell fields, moraines and sands, river plains, moss lands, lava fields, and wetlands and heathlands (Magnusson et al. 2016 , Magnusson et al. 2009 ). The liverwort Anthelia juratzkana is often present and dominant in Icelandic biocrusts in the highlands. They are therefore referred to as liverwort biocrust or "hélumosaskán" or "mosaskorpa" in Icelandic (Hallgrimsson 2015) .
The habitat types Boreal moss snowbed communities (EUNIS E4.115), Icelandic Racomitrium ericoides heaths (EUNIS E4.26) and Icelandic lava field lichen heaths (EUNIS E4.241) have the highest biocrust cover with the mean ranging between 25-35%. Oroboreal moss-dwarf willow snowbed communities (EUNIS F2.112) have about 20% biocrust cover, and Icelandic stiff sedge fens (EUNIS D4.1J) and Icelandic Salix lanata/S. phylicifolia scrub (EUNIS E2.113) have 10-15% biocrust cover. Other habitat types have less than 10% biocrust cover. Biocrust is therefore substantial in over half of the highland vegetation cover (Magnusson et al. 2016) .
The objectives of this study were: 1. To determine differences in biocrust fungal distribution and structure between depths (0, 5 and 20 mm) using light microscopy. 2. To quantify fungal hyphae, spores and sporangia in the biocrust by microscopic observation. Further, to estimate whether there is a difference in fungal biomass between depths (0, 5 and 20 mm) in the biocrust. 3. To determine the fungal composition by phylogenetic assignment of sequences from extracted DNA.
MATERIALS AND METHODS

Study sites
Samples of biocrust were collected from three study areas in South Iceland during the summer of 2016 (for maps and a table of study areas see  Figures 2.1-2.3 and Table 2 .1 in Gudmundsdottir 2018). Sample areas were selected based on profiles from the Icelandic Institute of Natural History. However, within the intentionally selected sampling areas, the sample points were selected randomly. The samples were stored at -20°C. A total of fourteen samples were collected and for each sample six subsamples were taken, for a total of 84 subsamples. Two subsites were chosen, A and B, for each sample and subsamples were taken at three depths, 0 mm (surface), 5 mm and 20 mm.
Structural observations
The mount lactophenol cotton blue (LPCB) was prepared according to published procedures (Leck 1999 , Parija & Prabhakar 1995 , Parija et al. 2003 . 0.05 g methyl blue was added to 20 ml of distilled water and left overnight to dissolve. The next day, 20 ml of phenol solution were mixed with 20 ml of lactic acid and then 40 ml of 86-88% glycerol were added to the phenol lactic acid solution. The methyl blue solution was added to produce a lactophenol cotton blue (LPCB) mixture. Subsamples were stained with LPCB and fixed with 70% alcohol. The slides were observed using 10x and 40x objectives in a Leica DM3000 light microscope and photographed with a Leica DFC290 camera using Leica Application Suite V3.1.0.
Cross sections
Cross sections were prepared using a razor blade by cutting a thin slice of the sample that was at least 5x5 mm. The slice was stained with calcofluor white and fixed with 10% KOH. The calcofluor white stain (18909 from Sigma-Aldrich) was a liquid solution ready for use (Rasconi et al. 2009 
Direct counting
A mixture of 0.20 g subsample added to 20 ml distilled water was stirred for an hour. 1 ml of the subsample mixture was taken while stirring and collected on a 25 mm filter (Millipore HAWP02500). Subsamples were stained with calcofluor white (Rasconi et al. 2009 ) and observed as above at 400x magnification. Ten positions were chosen randomly using the Mark&Find panel and photographed. For each position, lengths and diameters of fungal structures were measured. For simplification, hyphal diameter was classified into three size groups: Small (≤2.5 µm), medium (2.6-6.24 µm) and large (≥6.25 µm). The average values were chosen as small 1.75 µm, medium 4.42 µm and large 6.5 µm.
DAPI staining
Sample were stained with DAPI (Sigma-Aldrich D9542) to visualize DNA and concomitantly with calcofluor white to stain fungi. Images were taken at 400x magnification under UV light (Filter cube A) for DNA and fungal structures, and under green light (Filter cube TX2) for the autofluorescence of cyanobacteria. The two fluorescent images were merged using Fiji (Rueden et al. 2017 , Schindelin et al. 2012 .
Metagenome analysis
Samples from Gagnheidi (study area 1) were used, from the same sites as sample 1 and sample 2 (see Table 2 .1 in Gudmundsdottir 2018). Upper samples were above 5 mm depth and lower samples were below 5 mm. Four upper samples were collected, two in May and two in September. Two lower samples were collected, both in September. Four random subsamples of 0.5 g each were dried, pooled and hand homogenized with a pestle in a clean baked mortar; 0.25 g of this material was extracted using the DNeasy PowerLyzer PowerSoil Kit (QiaGen). DNA sequencing libraries were generated with the Illumina Nextera XT kit and 2x 150 base sequences generated with a MiSeq v.2 sequencing kit. This produced approximately 300 Mb of data for each sample which were subjected to metagenomic analysis on the Kaiju web site (Menzel et al. 2016 ) in the default "Greedy" mode. The resulting classification data was downloaded and summaries of the fungal data produced.
Statistical analysis
Statistical analysis was done using R-3.4.3 and RStudio 1.1.423 (R-Core-Team 2017, RStudio 2018). For additional information on statistical methods see Gudmundsdottir (2018).
RESULTS
Fungal distribution
The distribution of fungi was classified as "patchy dumped", "random" or "none". Single hyphae and small mycelia had a random distribution, while larger mycelia and sporangia had a patchier distribution. In some cases where the distribution was classified as "none" fungi were only found on or inside plants. The biocrust texture differed between subsamples and was classified as "coarse", "mixed" or "muddy", with mixed being a mixture of coarse and muddy. Where the texture was coarse, fungi were often found as single hyphae or a few hyphae.
Cross sections were taken of all samples from all study sites. The cross-section samples all had a fungal layer at the surface (bluish fluorescence with calcofluor white). Liverworts were often abundant below ground as well as at the surface (red fluorescence; see Figure 1 ).
Fungi at the surface Fungi in surface subsamples were often found as mycelia. Some had mostly small hyphae (Figure 2a , f) while others also showed larger hyphae (Figure 2b, c) . Figure 2e shows hyphae binding soil particles together.
In this study sporangia were common in surface subsamples and formed the bulk of the fungal volume in one sample from area 1 which was taken in early summer (see Figure 3 .24 in Gudmundsdottir 2018). The sporangia in Figure  3b show long, forked and greenish asci, often observed. Another commonly seen sporangium type contained 4 spores (sometimes 2 or 3) and had a round shape and red color (Figure 3c ). The sporangia in Figure 3a have a round shape, are f) transparent and contain many spores. In some cases, a connection can be seen between hyphae and sporangia (Figure 3a, c) . Figure 3 shows the most common sporangia found and they are all asci of ascomycete fungi (see Figure 3 .8 in Gudmundsdottir 2018).
Fungi were often abundant within plant tissues in surface subsamples and often appeared to be intracellular. Spores in surface subsamples were diverse in shape and size. They were often between 5-30 µm. In Figure 4 cyanobacteria, fungi and bacteria can be seen in the biocrust surface layer.
Fungi at 5 mm and 20 mm
At 5 mm and 20 mm depth mycelia were not as patchy as at the surface. Long hyphae were observed, often one or a few together ( Figure  5 ). No significant differences in hyphal volumes were detected except for a single sample from study area 3 taken at 5 mm (see Figure 3 .22 in Gudmundsdottir 2018). At 5 mm and 20 mm depth sporangia were not as abundant as in surface subsamples although they could be found, usually one or a few. The types of sporangia and spore shapes and sizes looked similar to those found at the surface. Fungi within plant tissues were most abundant at the 
Estimation of variability in quantification
Two kinds of estimates were made of variability in the quantification of fungal biomass. On one hand, four slides were prepared from the same subsample mixture and on the other hand, the images taken for one slide were assessed four times (repetitions). Consistency was assessed by one-way ANOVAs of the different slides (p = 0.9802) on one hand and the repetitions (p = 0.9999) on the other.
Distribution of fungal features in biocrust
In Table 1 biocrust texture and structural features of fungi are shown in relation to depth. Hyphae with a diameter ≤2.5 µm were classified a small, hyphae 2.6-6.24 µm as medium, and hyphae ≥6.25 µm as large. If distribution was marked as "no distribution", the fungi were only on or inside plants. Texture, distribution, on or inside plants, hyphal volume within plants, sporangial volume and volume of medium and large hyphae all showed significant differences between depths in the biocrust. The soil texture was more likely to be muddy at the surface (at 0 mm) and coarse below ground (at 5 and 20 mm depth). The fungal distribution was patchy at the surface but more random below ground. The presence of fungi on or inside plant tissues was common at the surface but less so below ground. Hyphal volume within plants, sporangial volume and volume of large hyphae all decreased with depth. On the other hand, hyphal volume outside plants, spore volume and volume of small hyphae did not show a difference between depths. For additional information on statistical methods see Gudmundsdottir 2018. Univariate analysis showed that depth and also the interaction between depth and vegetation type on hyphal volume within plants was significant where hyphae within plants were often in greater amounts at the surface than lower down, especially in Boreal moss snowbed communities and areas with Anthelia, Icelandic lava field lichen heaths and moss ( Figure 6 ).
Univariate analysis also showed that sporangial volume was significantly correlated to depth. Sporangial volume was considerably higher in surface subsamples (0 mm) than the below ground subsamples (5 mm and 20 mm) (Table 1 ). There does not appear to be a significant difference between sporangial volumes at 5 mm and 20 mm depths. Univariate analysis showed a significant effect of depth on the volume of large hyphae where the volume of large hyphae increased greatly at the surface (0 mm) (Table 1) .
Fungal composition
The samples collected for metagenomic analysis were all from two sampling sites in study area 1 (Gagnheidi), the same as for sample 1 and sample 2. Upper level samples were collected both in May and September and they did not show a significant difference in total fungal amount or proportions of phyla. However, a significant difference was found between depths ( Table 2 ). The total amount of fungi was consistently higher in upper samples than lower samples (Table 2) .
Also, in the upper samples the mean proportion of ascomycetes was 94% of total fungi, while in the lower samples the mean proportion was 65%. Although the proportion of basidiomycetes increased from 4% in the upper samples to 27% in the lower samples, they were still in lower absolute numbers due to the substantially smaller total number of fungi in the lower level.
Zygomycete fungi, which encompass the phyla Zoopagomycota and Mucoromycota (Spatafora et al. 2016), were found in much lower numbers. A low level of sequence reads for the phyla Microsporidia, Neocallimastigomycota, Cryptomycota and Blastocladiomycota was found in all samples.
A total of 105 orders were found (Table 3) . Thereof, Ascomycota had 52, Basidiomycota 37, zygomycete fungi 10, Chytridiomycota 3 and other fungi 2 orders. In the upper biocrust samples the top 32 fungal genera with over 2000 reads were all Ascomycota (Figure 7) . The genera fell within 11 orders. The most abundant genera were Exophiala, Phialocephala and Pseudogymnoascus, with over 10,000 reads. Aspergillus, Endocarpon and Oidiodendron were also abundant.
In the lower biocrust samples the top fungal genera, with over 200 reads, were within Ascomycota and Basidiomycota. Zygomycete Table 2 . Amount (in reads) within samples of total fungi and fungal phyla are shown in relation to depth in biocrust. Mean and standard deviation (sd) are shown for all variables and p-values are from one-way ANOVAs. Upper samples are above 5 mm in depth, lower samples are below 5 mm depth. * stands for statistically significant.
Depth P values Upper
Lower Variables N=4 N=2 Total amount of fungi (mean (sd)) 278,542 (64,813) 17,971 (11,440) 0.006* Ascomycota amount (mean (sd)) 262,770 (63,530) 12,273 (9,385) fungi were detected in one of the samples (Figure 8 ). The basidiomycetes found in the lower biocrust samples were Hebeloma (within Agaricales), Rhizoctonia (within Cantharellales) and
Serendipita (within Sebacinales). Mortierella (within Mortierellales) was the only zygomycete fungus. Of Ascomycota Pseudogymnoascus, Phialocephala, Aspergillus, Serendipita and Fusarium were the most abundant in both lower samples. All these genera except Serendipita were also abundant in the upper samples. The same goes for the top fungal genera in the upper samples; they were all found in the lower samples but many had less than 200 reads. Several orders of lichen forming fungi were detected, but only the genus Endocarpon (Verrucariales) registered over 200 reads.
DISCUSSION
Fungal composition in biocrust
Work on biocrust fungi has mostly dealt with the uppermost 1 cm or less of the soil profile. Interestingly, we found a clear difference in the fungal composition in the uppermost 5 mm and the next 5 mm, which underlies the biocrust. Ascomycota fungi were found to be very dominant (mean proportion 94%) in upper samples, whereas Basidiomycota became more pronounced in the lower samples although Ascomycota were still dominant ( Table 2) . The proportion of fungal DNA in the upper samples was similar to that found in forest soils with a shotgun DNA study, but in the forest soils Basidiomycota are dominant (Fierer et al., 2012) . Assuming a five-fold difference in average genome sizes, this corresponds to a bacterial-to-fungal ratio of 50:1, similar to the biomass ratios seen in biological soil crust from the Colorado Plateau (Bates & Garcia-Pichel 2009).
The Icelandic liverwort-based biocrust is no exception in the dominance of Ascomycota fungi in biocrusts worldwide (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates et al. 2012 , Bates, Nash et al. 2010 , Zhang et al. 2018 . Pleosporales and Hypocreales within Ascomycota and Mortierellales within the Zygomycota have been found to be widely distributed and often abundant within biocrusts (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates, Nash et al. 2010 , Maier et al. 2016 . These orders were found in all the samples, although the ascomycete orders Helotiales and Chaetothyriales were more abundant than other orders.
The most common genera found so far in biocrust studies, Alternaria and Acremonium (Abed et al. 2013 , Bates & Garcia-Pichel 2009 , Bates, Garcia-Pichel & Nash 2010 , Bates, Nash et al. 2010 , Maier et al. 2016 , Grishkan & Kidron 2013 were found in all samples but were not abundant. Penicillum was among the top genera found in the upper biocrust and this fungus was also found dominant in Norwegian biocrust (Borchhardt et al. 2019 ). Among genera found to be abundant in other biocrust studies, Fusarium and Endocarpon were the only ones among the top genera found in below ground samples.
Differences in fungal composition between depths
A difference in fungal biomass between depths in biocrust was found. Sporangia were abundant at the surface (Figure 3 ) compared to below ground (5 mm and 20 mm) and the sporangial volume was higher at the surface (Table 1) . This may be due to fungal gravitropism or phototropism, common among fungi (Häder 2018 ) and greater availability of nutrients near the surface. Large hyphae were also more common at the surface (Table 1 ) than below ground (5 mm and 20 mm). This might be partially due to large hyphae forming asexual spores that break off hyphae, or arthrospores, and such propagules are more abundant at the surface as are sporangia.
Although small hyphae and hyphae outside plants were more common at the surface than below ground the difference between depths was not significant. Hyphae within plant tissues were also more common at the surface than below ground (Table 1) . Only singular differences in hyphal or sporangial volumes were noticed. Differences in sampling times may have contributed to this variation, but only minor differences were seen in the phylogenetic composition of samples from a single site in May vs. September (Figure 7) . Nevertheless, temporal differences can be expected and can be monitored by extended sampling and analysis.
The volume of hyphae within plant tissues correlated with vegetation type and depth ( Figure  6 ), reflecting a greater frequency of subsurface plant material such as roots. Fungal material was observed within plant tissues (Figure 2d ), suggestive of arbuscular mycorrhiza, but DNA sequences from the Glomerales were found at a very low level. Basal lineages of liverworts associate with arbuscular mychorrhiza, but not the Jungermanniopsida, which are known to associate with ascomycytes as well as basidiomycetes, including the Sebacinales (Pressel et al. 2010) . Some of the ascomycete genera frequently observed in this study, e.g. the dark-septate Phialophora and Phialocephala, are thought to form mycorrhizal associations with plants (Jumpponen et al. 1998 , Newsham et al. 2009 ).
Conclusion
This study describes the structure and composition of well-developed fungal communities characteristic of liverwort biocrusts in Iceland. No comparisons with biocrust fungi in Iceland could be made since this is the first study on biocrust fungi in Iceland. Although this fungal community shows many similarities to those characterized in other types of biocrusts, it also shows distinctive differences, e.g. in taxonomic composition. As in other biocrusts, the fungi influence physical composition and presumably nutrient cycling (Oddsdottir 2010) , including connections to pioneering bryophytes and vascular plants invading the biocrust (Collins et al. 2008 , Green et al. 2008 . It is probable that such nutrient translocation is mediated by mycorrhizal associations of several fungal genera identified in this study. These issues are worthy of further studies, especially in biocrusts transitioning to other plant communities.
